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ABSTRACT 


A review of selected previous work in the field of plasma 
oscillations, together with theoretical explanations of the 
oscillations, is given. The components of a gas discharge apparatus 
to investigate plasma oscillations are described, and vacuum system 
operating procedures are discussed, Detection of plasma oscillations 
in the tube, in the 700 to 1300 megacycle range, is demonstrated, 
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l. Introduction 

There is a growing interest in the nature of processes occurring 
in the electrical gas discharge, particularly in the field of low 
pressure discharges. Recent developments in fusion are fundamentally 
related to such discharges and there is reason to believe that eleo- 
trical noise and sun spot activity may be due to similar phenomena. 
This thesis reports on the construction of a gaseous discharge tube 


designed for investigation of plasma oscillations in a low pressure 


argon discharge. 


2. Plasma Characteristics 

For over thirty years it has been known that radio frequency 
oscillations, called plasma oscillations by Langmuir, can be 
detected in gaseous discharges, The term plasma is applied to a 
region occupied by approximately equal numbers of positive and nega- 
tive particles, so that a macroscopic charge neutrality exists, In 
the ordinary positive column of a glow discharge, the positive gas 
ions and negative electrons constitute the plasma, For sufficiently 
high pressures, any negative ions present would quickly recombine with 
the positive ions to form neutral moleoules, since these two have 
comparable velocities. Such a region is highly conduoting and there- 
fore exhibits a A E low average voltage gradient, The positive 
ions, electrons and neutral gas molecules may or may not be in thermal 
equilibrium. Since a plasma is ordinarily established by an electric 
field, the positive ion energies (temperatures) are usually greater 
than those of the gas molecules but much less than those of the 


electrons, which frequently have very high energies (temperatures) 


el- 





In general, the ions and electrons may be assumed to have Maxwellian 
velocity distributions [l], although departures from this distributing 
do occur [2]. Under the influence of an electric field, the drift 
current density of electrons and positive ions is usually much smaller 
than the random current density so that the Maxwellian distribution 

is preserved, though ion and electron temperatures are inoreased. 

This inorease in energy is greater for eleotrons than ions, since 
electrons have a greater mobility. Electrons lose little of their 
energy to the neutral particles but the ions will increase gas tem- 
perature by collision since their masses are comparable to those of 
gas molecules, 

Although a sufficiently large volume of plasma is essentially 
neutral, microscopic volumes are not, due to variations in surround- 
ing charge concentrations, resulting in varying and sometimes rather 
high fields at points throughout the plasma, The ionization of a 
plasma is maintained primarily by electron collisions and also by 
some photoionization [3]. 

Experiments on plasma oscillations in gaseous discharges are 
generally carried out in evacuated tubes, ordinarily diodes, maintained 
at varying pressures. The glow discharges of interest here utilize 
mercury, argon or similar gas at pressures in the low micron range, 
(up to 30 microns), at plate potentials of up to 1000 volts, Under 
these conditions the voltage variation across the tube consists of a 
steep rise, considering up as positive, from the cathode to the begin- 
ning of the negative glow, a slow rise in potential across the remain- 
ing length of the tube, and a small sharp rise to the anode, Thus the 


cathode fall, as it is termed, constitutes the major voltage rise 
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which electrons cross in passage to the anode. Since electron mobilities 
are greater than positive ion mobilities, the cathode is ordinarily sur- 
ounded by a positive ion sheath. That portion of the discharge which 
is associated with the cathode, from cathode through the Faraday dark 
Space, remains fixed in size as cathode anode distance is varied, so 
that frequently in oscillation experiments only those portions of the 
discharge through the negative glow exist between cathode and plate, 
the positive colum not being present for sufficiently small cathode 
anode distances, In the negative glow, except at and close to the edge 
toward the cathode, the concentrations of positive ions and electrons 
are approximately equal so that the discharge here is considered a 
plasma [4]. 

Plasma oscillations are very high frequency oscillations which take 
place in the plasma of a fas discharge, due to local perturbation of 
electron-positive ion densities with later attendant modulation of pass- 


ing fast electrons by means of a feedback or prowing wave mechanism, 


3. Previous Work 

In 1924 Langmuir and Mott-Smith [2], in making investigations of 
the velocity distributions of electrons in a low pressure mercury 
discharge, discovered a group of "primary" electrons some of whose 
energies exceeded the potential across the experimental tube (Fig. 1). 
A discharge of this type has a large voltage rise across the cathode 
space charge sheath and the remainder of the tube is approximately 
at anode potential, so that electrons appearing beyond the cathode 
sheath would be expected to have energies approximating the tube 


potential, Others of the primary group had energies lower than 
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expected, with the result that the energies were said to have been 
“scattered , though the mean energy of primaries was little changed. 
In 1925 Langmuir [1] described further experiments in similar dis- 
charges, and proposed several theories, later discarded, for the 
method of energy acquisition of the excess energy primaries, 

Dittmer [5] studied the variation in scattering with distance from the 
cathode, anode potential and current, and gas pressure and ascribed 
the existence of high scattered electrons to a fluctuating potential 
in the tube plasma due to oscillations of the plasma electrons which 
he was unable to demonstrate experimentally. Penning [6] discovered 
oscillations of frequencies from 3CO to 600 megacycles and observed 
that electron scattering was accompanied by oscillations, In 1929 
Langmuir and Tonks [7] confirmed the presence of oscillations in the 
1-1000 megacycle range, finding oscillations generally throughout the 
range but obtaining resonance peaks under certain conditions (Fig. 2 ) 
They advanced a theory of electrons oscillating in a jelly-like posi- 
tive ion plasma, which will be considered later, to explain the oscil- 
lations, and their results agreed closely with experimentally determined 
frequencies, Druyvesteyn and Warmoltz [8] found that the changes in 
electron velocity and concentration of the fast electrons in a low 
voltage arc from a hot oxide cathode occurred in very narrow 

regions, and postulated the existence of micro fields in the plasma to 
explain the effects, In 1939 Merrill and Webb [9] studied the dependence 
of electron scattering upon plasma oscillations in a mercury aro dis- 
charge. Their experiments were conducted with an oxide coated 

cathode at tube pressures of three to seven microns and plate currents 
of 20 to 100 milliamperes (Fig. 3) They determined electron tempera- 


ture and electron concentration using the method of Langmuir and 
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Mott-Smith [2], the electron velocity distribution using an analysis 

of tube voltage-current characteristics, and the position and intensity 
of electron scattering and plasma oscilations by measurement with a 

50 micron diameter tungsten probe six millimeters long. Plate to cathode 


distance was 1,5 centimeters. Data for a typical rum were as follows; 


Gas pressure 3 microns 

Plate current 20 milliamperes 

Arc drop -11.7 volts w.r.t. anode 

Space potential 48,1 volts w.r.t. anode 

Cathode potential -19.5 volts w.r.t. space 
> potential 


Ihe first scattering occurred at 4.2 millimeters from cathode, 
in an area 0.2 millimeters wide, showing electron energies to 26 
electron volts. The second EE occurred at 6,1 millimeters 
from the cathode, of the same width, with energies to 33 electron 
volts, There was little further scattering from the second area to 
the anode. Each scattering area was closely followed by a region 
where oscillations of 1180 megacycles were noted, creating a current 
of five millivolts across a crystal detector. The first oscillation 
was detected at 5.3 millimeters from the cathode and the second and 
much more intense at 6,8 millimeters from the cathode, Further runs, 
varying the plate current and gas pressure, showed that an increase 
in either one caused the oscillations to diminish in intensity and the 
oscillation and scattering areas to move simultaneously toward the 
cathode. At 50 milliamperes and seven microns pressure, for example, 
no oscillations were detectable, whereas at 20 milliamperes and the same 


pressure, intense oscillations were detected (Fig. 4). The oscillation 
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and scattering regiom were found only in areas crossed by primary 
(high velocity) electrons, Merrill and Webb thus confirmed the data of 
Druyvesteyn and Warmoltz, that the changes in electron velocity and 
concentration of the fast electrons occurred in narrow regions, The 
frequencies of their oscillations corresponded within ten percent to 
those predicted on the basis of electron concentration by the Tonks 
and Langmuir formula [7]. They concluded that oscillating plasma 
(ultimate ) electrons received energy from the primary electrons in pas- 
sage through the plasma and in turn scattered the primaries, They 
explained the difference in location between scattering and oscilla- 
tion detection regions by saying that the primaries required transit 
time in order to bunch, after having been through the oscillating 
region, and they showed that the oscillations detected were due to 
collected primaries, not ultimates, 

Armstrong, Emeleus, and Neill [10] BE the investigations of 
Merrill and Webb in tubes with coaxial wire filaments and surrounding 
anodes, and with round plate anodes and various other combinations of 
symmetrical and nonsymmetrical geometry, using tungsten and oxide 
coated cathodes, Tube pressures were on the order of microns in both 
argon and mercury vapor, and plate currents varied from 30-300 milli- 
amperes, Typically, using a coaxial tube with tungsten filament and 


argon gas at 18 microns, they discovered three areas of oscillations: 


Area Plate Current Wavelength 
[milliamperes |] [centimeters] 
1 140-150 14,0-14,8 : » 
2 209- 2 30 9. 4-8.9 e R 
3 304-307 5.6-5.2 = 
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The areas were associated with positions on the tube current-voltage 
characteristic, area 1 above being below current saturation, area 2 at 
saturation and slightly above, and area 3 in a region just beyond 
area 2. Plate voltages were 13,5-19 volts. Armstrong, Emeleus and, 
Neill's results may be stated briefly as: 

a. The oscillations are stable and reproducible, varying in 
frequency and magnitude over the tube characteristics. 

b. The oscillation frequency agrees with the Langmuir-Tonks 
formula, and is independent of probe bias. 

c, Electrode geometry has no effect on the existence of oscil- 
lations, but anode voltage for maximum response depends on probe 
position, 

d. Wavelength varies inversely with gas pressure, 

e. There are radial variations in intensity in a cylindrical 
diode, The axial pattern of —X— ^ in a conventional diode 
followed Merrill and Webb closely. 

f. The ocourrence of an electron transit time phenomenon as part 
of the mechanism of oscillation is indicated by the fact that, for a 
tube passing a temperature limited current, 

ral Ve = constant 
A is the oscillation wavelength, V, is the tube voltage, filament tem 
perature constant. 

g. Under optimum conditions, about one percent of the anode cir- 
cuit input energy was recoverable as heat in a bolometer, The high 
frequency energy was less. 


h. Velocity modulation theory does not check quantitatively. 
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In 1950 Wehner [11] reported a high frequency oscillator, 800-4000 
megacycles, which consisted of a gas cathode with grid, repeller and 
anode, the first two separated by about a centimeter, in a low pressure 
(five micron) mercury discharge (Fig. 5). Control of frequency was 
solely a function of maé ourrent and voltage, with a fixed cathode 
repeller distance, frequency varying directly with the two parameters, 
Visible darker layers were observed near grid and repeller ion sheaths, 
where the electron concentration was such that the observed frequency 
closely fitted the Langmuir-Tonks equation, Wehner likened operation 
of the tube to the klystron or reflex klystron, the repeller ion 
sheath serving as catcher or reflector, 

Looney and Brown [12] attacked the problem differently by inject- 
ing an electron beam into the discharge plasma, under conditions 
where the space charge sheaths on the electrodes were closely con- 
trollable (Fig. 6). Oscillations were set up at the Langmuir-Tonks 
frequency and a standing wave pattern was observed with nodes at the 
bounding sheaths. As the electron density varied, the frequency of 
oscillation tended to remain constant, shifting discontinuously from 
one stable dite to the next, the standing wave pattern simultaneously 
shifting an integral number of nodes, still maintaining nodes at each 
bounding sheath (Fig. 7). Within a greater frequency range, the fre- 
quency is a linear function of sheath thickness. Considering Wehner 's 
analysis of the mechanism of oscillations and setting the distance 
between modulating and energy extraction points of the plasma constant, 
the relation 


x Vp = constant, 


may be arrived at, in agreement with Emeleus, et al, Energy extraction 
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may take place at any point in the plasma where the field has opposite 
sign to that at modulating points. This means there must be a node 
between these two points, Looney and Brown showed that the discontinu- 
ous shifts of frequency and standing wave pattern were such as to meet 
this condition as well as that of Langmuir-Tonks frequency. They pro- 
posed that the standing wave demonstrated provided the necessary feed- 
back mechanism to sustain plasma oscillations, and that the oscillations 
themselves are a type of longitudinal pressure wave set up in the 
plasma electrons, 

In 1955 Allen [13] showed qualitatively that probe analysis is 
reliable in studying primary electron energy scattering, Previously 
some doubt had been cast on probe results, which were recorded during 
plasma oscillations under non-Maxwellian conditions [14]. Allen used 
spectroscopic analysis to show that primary electron energy scattering 
occurred in the plasma at the same position and with the same magni- 
tude as that indicated by probe measurements, He found oscillation 
intensity peaks at various distances from the cathode similar to 
those found by other workers, He showed that these peaks were caused 
by electro-magnetic wave feedback to the cathode from the probe and that 
each peak represents an integral number of beam wavelengths between 
probe and cathode, Further he showed that under a given set of condi- 
tions a disturbance of a particular frequency has constant velocity 
between probe and cathode, and that this velocity is probably equal to 
the velocity at the meniscus, of the medium speed group of electrons, 
which have energies approximately equal to the anode potential, 

Allen, Bailey and Emeleus [15] have E reported on the appearance 


of discharges in mercury and argon, in connection with areas of 
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The appearance of some oscillating discharges 
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oscillations, Oxide cathodes at a few microns tube pressure were used. 
They observed a basic discharge structure as follows: a thin dark 
space charge sheath is found on the cathode, From this sheath, a beam 
of primary electrons, brighter than the surrounding plasma, proceeds 
toward the anode. This beam is terminated a few millimeters from the 
cathode by a bright meniscus, convex to the cathode, which frequently 
has a dark layer on its anode side. The primary beam splits after pass- 
ing through the meniscus into approximately conical converging and 
diverging beams (Fig. 9) Strong plasma oscillations are picked up 
only in, and toward the anode from, the meniscus. Variation of anode 
current and pressure moves the meniscus as described by Merrill and 
Webb [9]. Above a certain current, at constant pressure, the meniscus 
becomes blurred, several high frequency oscillations not obviously 
related to one another are detected and noisy low frequency oscillations 
in the kilocycle to megacycle range appear. An axial magnetic field 
stabilized this discharge to high currents, Observations of the effect 
of a probe on the meniscus lead to the conclusions that there is some 
sort of feedback mechanism from probe to discharge, and that the main 
growth of scattering occurs in one to two millimeters (Fig. 9,10,11, 
12). In addition, a high frequency and low frequency oscil- 
lations were noted in a discharge using a six millimeter flat probe so 
placed that the electron stream was perpendicular to it when impinging 
on its surface. The arrangement was roughly similar to that of 

Looney and Brown [12], and showed similar frequency pulling effects. 
Ihe existence of transverse effects in the primary beam was shown. The 
postulated mechanism was that of a slipping stream reaction between 


primary and plasma electrons, initiating near the cathode and building 


E 





catastrophically at the meniscus, thereby generating oscillations of 


both high and low frequency. 


Very recently Boyd, Field and Gould [16] have produced growing waves 
in a low pressure mercury plasma by modulating an entering electron 
beam with a slow moving electromagnetic wave, helically propagated. 
They show that the rate of growth rises sharply to a maximum as plasma 
frequency approaches excitation frequency and falls monotonically as 
it recedes, This experiment constitutes the first successful verifica- 


tion of the growing wave theory of Bohm and Gross and others. 


4. Theory 

A plasma has been described as an essentially neutral body of 
positive ions and electrons, the response of which to a disturbance is 
one of regaining the stable or equilibrium state. In such a plasma, 
an electron is affected by all other particles which surround it and it 
in turn aifects each of those particles. An attempt to derive a theory 
of plasma oscillations considering the individual effects of each 
action pair, summed over all pairs, involves such complexity as to be 
impossible of solution, All theories of such oscillations therefore 
consider the electron in Hartree's self-consistent field approximation, 
in which only one electron is considered as a particle, and the effect 
of the others on it is replaced by their smoothed, averaged space charge 
and current distritution, The extent to which this approximation is 
allowable cannot easily be determined mathematically, but experiments 
have indicated that the interaction is not very much stronger than the 
theoretical value. 

There are two general approaches to the problem of mathematically 


desoribing plasma oscillations, The first of these is from the point 
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of view of regular electron streams, without random motion, Pierce [17], 
Haeff (18), Baíley [19] and Gabor [20], have derived solutions using 
this approach, The second attack considers the plasma in complete 
thermal disorder. Langmuir and Tonks (7], Viasov [21] and Bohm and 
Gross [22] and others have derived solutions utilizing this basic 
assumption. 

The theories developed considering electron streams are useful 
in showing how plasma waves can develop from interactions between ions 
and the beam or between two or more beams, For the case of a uniform 
electron clow at rest, with neutralized charge, Gabor [20] derives the 


dispersion equation P 


(e2k2-a?) as 5, B ay [ok (k . a. -af 8. ] ( 1) 


by considering particular solutions of the form 
B (xsy»zot) = Bo Ie rea) 

to his self consistent dynamical equations of irrotational electron 

streams, 8 represents a progressive wave, C the radius vector, 

k the wave vector, perpendicular to the phase fronts and pointing in 

direction of propagation, The scaler walue of k 1s 27/A and is called 

the propagation constant. @is the wave phase frequency. 


ay is & constant frequency given by 


2 _ ¿me? 
m 


in Gaussian units, (Derivation of this equation is shown on page [8 de 
N is electron density, e is the electronic charge, and m is the mass 
of the electron, fp = Op/2w is called the "plasma frequency" [23]. 
The relation between X and œ is a function of the angle between 3,, 


— 
the stream vector and k, the propagation vector. 
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The two cases of interest ares 
(1) k perpendicular to 8» and (2 k parallel to 8,. In case(1), 
(transverse waves) the dispersion law is af = a + c*k*, By defining 
a refractive index u = “/Ck, we obtain us =l- > (150) . This 
shows that frequencies less than w = uy, are not propagated in the 
quiescent plasma. H < B is the critical frequency. Note that a uni- 
form translation does not affect the formula for o 

For case (2), k parallel to 85; (longitudinal waves), the disper- 
sion relation reduces to af = w" or the only possible frequenoy of | 
longitudinal waves is the plasma frequency, at any wavelength. The 
group velocity, Vg = tak = O, so that the energy of the plasma 
waves is not propagated if the cloud is at rest, If there is a drift, 
the oscillations are carried along with the electron stream. 

Considering two interacting partial electron streams in the same 
space, with all velocities in one direction, the dispersion law 
becomes 2 2 


(a»*V1k) 2 ` (oy ak A 


as derived by Pierce [17] and Haeff [18]. Here a, and œ are plasma 


TreD | 
frequencies of each electron stream, equal to E L D is the charge 





density = en, and V} and V, are phase velocities = Ok, 

Haeff [18] investigated this equation and found in certain instances 
complex roots for k » indicating real values for o Some of these 
roots stood for solutions which increased exponentially in the drift 
geh; which he interpreted as explaining the experimentally ob- 
served amplification of small signals. This interpretation is open to 
objection, however [24]. The discrepancy lies in the fact that the 


dispersion equation does not refer to any boundary conditions and hence 
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cannot indicate what solutions are physically possible. The disper- 
sion equations above do not consider the effect of a magnetic field. 

Bailey [19] considers the effect of a magnetic field in his 
general theory of plane waves in an ionized gas in the presence of 
static electric and magnetic fields. By eliminating from his equations 
the steady state terms, and considering the variables proportional to 
eilut-kz), Bailey determines a twelfth degree polymominal whose roots 
represent the possible waves. Most of these values of k indicate 
attenuating waves, but for certain values of w, k has conjugate complex 
values, indicating a narrow wave group which will grow in space and 
time. The presence of a magnetic field increases the possibility of 
wave growth and widens the frequency range in which it may occur, 

The initial theory of the plasma in random thermal disorder was 
that of Tonks and Langmuir [7]. Fast moving electrons were considered 
to be moving in a (smeared) uniform positive background, created by the 
slow moving (large mass) positive ions. The average charge is neutral 
in a plasma, but local electron irregularities cause fields to be set 
up» atrracting electrons to balance excess positive ions. These 
electrons overshoot the balance position due to momentum and create 
fields in the o,posite directions. This action results in a simple 
harmonic motion on the part of the electrons. Solution of the dif- 

¿me? fz- 
ferential equation of motion is a = = (quantities as described 
above ) or, expressed as a frequency, f = 89801” cycles per second. 
This simple theory neglects the effects of thermal motion of the 
electrons, except as thermal motion initiates the oscillation. 

Bohm and Gross [22] developed a theory for plasma oscillations 
in an unbounded medium of uniform ion density, considering the effects 


of random thermal motions but neglecting collisions between particles. 
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Considering the one dimensional case of longitudinal oscilla- 
tions only, where the amplitudes are small enough so that a linear 
approximation applies, it is found that long wavelength oscillations 
of a plasma with Maxwellian electron velocity distribution are charac- 


` 2 
2t 
terized by the dispersion relation of =a + El 


m 
where 

K = Boltzmann's constant 

T = absolute electron temperature 

A = oscillation wavelength 

w = oscillation frequency 


dy = plasma frequency ° 

m = mass of the electron 
This result agrees with that obtained by Vlasov [21]. When there is 
no thermal motion, W = dbs the plasma frequency, and the group velocity 
is zero, indicating that there is no propagation of the oscillations, 
In the case of thermal motion there is a continuous frequency spectrum, 
W3 4 of undamped waves, 

In developing the dispersion relation, Bohm and Gross showed how 
a moving potential wave in the plasma would trap electrons in its 
trough, causing them to oscillate there while being transported with 
the wave, Due to differences in velocities, however, the effect of 
such oscillations may be neglected in considering long wavelength 
oscillations, as above, 

The dispersion relation given describes the steady state oscilla- 
tions, and requires that initial perturbations in density and velocity 


meet particular boundary conditions. If the initial perturbatians do 


not satisfy the boundary conditions, oscillations of any frequency are 
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possible. In time, however, such oscillations of frequencies not 
given by the dispersion relation get out of phase and damp out, so 
that only the dispersion frequency is apparent in macroscopic averages. 
The plasma oscillations can therefore be regarded as a dynamically 
stable limiting form of motion, about which small deviations due to 
random motion occur, 

Frequencies far from the plasma frequency are supported only by 
particles moving near potential wave velocity. As the plasma fre- 
quency is approached, cumulative and coherent contributions to charge 
density from all particles serve to build up large potentials, not 
limited by the number of particles at wave velocity. 

The effect of collisions is shown to be to damp the plasma waves, 


and hence to contribute to plasma stability. The dispersion relation 


is 2 
$- QR - (2) 

where “| = mean time between collisions. Unless there are specific 
excitation processes in the plasma, the oscillations cannot persist. 

The existence of specific excitation processes is first shown by 
considering the effect of the presence of an appreciable number of 
particles of near wave velocity. The expression for the wavelength of 
the oscillations, contains a term which may be either positive or nega- 
tive, indicating excitation or damping. If a special group of high 
energy particles is present, the expression is positive and excitation 
occurs, Particles near wave velocity are affected by a field for a 
relatively long time. Those emerging from a collision with velocities 
greater than the wave are, on the average, slowed down, losing energy 


to the wave, Slower particles are speeded up, gaining energy from the 
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wave, The positive expression referred to above indicates more fast 
particles than slow ones and a resulting increase in wave energy. 

In the case of a plasma of varying density, a wave moving in the 
direction of decreasing density suffers a decrease in phase velocity. 
Expressing k as a fumction of w, utilizing the equation for plasma 
frequency, 

E k^ - o - (e his), "hel x) = plasma density. 
As h¿(x) decreases, k increases or the wavelength, A = 2r/k, and phase 


velocity, V.h = ayk both decrease, If the decrease is slow, trapped 


P 
electrons will be slowed down continuously, losing a maximum of energy 

to the wave, until thermal velocity is reached‘, where the mechanism 

fails, Conversely, trapped electrons may be accelerated, a possible 
mechanism for cosmic particle acceleration, 

Finally, the presence of electron beams of well defined velocity 
causes instability of the plasma, with resulting amplification of small 
oscillations until limited by non linear effects. Beams of large velocity 
spread bunch at different points, so that amplification and instability 
are reduced, Special groups of particles may be said to create the 


oscillations which scatter them, since the plasma can modulate more 


efficiently under conditions of coherent oscillation, 


2. Equipment 
The equipment used in this experiment consisted of four main 
components as follows? 
(1) Gaseous disoharge tube, in which the oscillations were 
produced, 
(2) D.C. circuits for the control of the discharge conditions, 
(3) High frequency detection equipment. 


(4) Vacuum system for the evacuation and filling of the tube, 
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a, Discharge Tube. Fig. 13 is a detailed drawing of the tube used 
in this work, It was constructed at Stanfa d Research Institute, Palo 
Alto, Geile rris. In as much as previous workers in the field of 
plasma oscillations have gathered considerable data using various tube 
designs, it was considered necessary that the tube be flexible enough 
so that verification of previous data would be possible, In addition, 
it was hoped that some new characteristics of the oscillations might 
be observed. Allen [13] recommended larger disc electrodes for 
cathode and plate and also a cathode of rugged design which would 
withstand ion bombardment at high plate voltages. It was decided that 
a standard wire probe and a split ring probe should be used for prob- 
ing the plasma, All of these design requirements were built into the 
tube. In addition, a control grid was (ona to allow further 
flexibility in discharge conditions, 

The cathode arrangement is a Gabor type gas cathode [25]. This is 
a cathode where the discharge beam electrons are produced in an almost 
field free region, In this case, the field free region was produced 
by enclosing the tungsten filaments in a nickel cylinder with a screened 
opening at one end for the emission of the beam, and a ceramic disc 
closure at the other end, The filaments were designed for a maximum of 
one volt drop heating current so that a minimum of field would be pro- 
duced inside of the grid, which covered the filaments. This arrange- 
ment also gave additional control over the discharge by allowing varia- 
tion of the grid potential with respect to the filament, 

A second cathode arrangement also used was designed along more 
conventional lines, It consisted of two coiled tungsten filaments 
Which could be operated separately or in series, with a voltage drop of 


approximately 9v across each element, The filaments were enclosed in a 


GE 





quartz cylinder with a nickel ring around the emission end which could 
be employed as a grid, | 

The tungsten wire probe was patterned after a design recommended 
by Wehner and Medicus [26]. The split ring probe is an attempt to de- 
sign a probe which would be oapable of detecting oscillations with the 
minimum disturbance to the disoharge, while also being oapable of dis- 
tinguishing between different lateral modes of oscillation, This probe 
could be rotated so that the plane of the ring could be placed either 
perpendicular or parallel to the discharge beam, 

All electrodes in the discharge tube were attached to soft iron 
cylindrical cores sealed in glass, These provided for movement of the 
electrodes with magnets, The grid to plate distance could be varied 
from zero to eight centimeters, The electrode spacing was acourately 
measured by the use of a travelling telescope, which was acourate to \ 
+ .0025 mm, \ 

b. D.C, Cirouits, The circuits used for control of the discharge 
and probe biasing are shown in Fig. 14, The main D.C. power used for 
the tube potential was obtained from a voltage regulated power supply 
manufactured by Kepoo Laboratories, Model 1250B,. Power was available 
at zero to one thousand volts, at zero to five hundred milliamperes, 
regulated to less than 3 millivolts RMS. 

Nickel - Cadmium batteries were used for the filament heating, and "B" 
batteries for the grid and probe biasing, 

All D. G, olrouits were wired through a central control panel to 
allow rapid changing of meter scales, and reversing of polarities, in 
the case of the grid and probe bias. All voltmeters and ammeters were 
capable of being shunted or opened so that independent and accurate 


measurements could be made, 
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C. High Frequency Detection Equipment. The high frequency detec- 
tion equipment consisted of a superheterodyne frequency meter TS-186D/UP 
with built in crystal calibration, This meter determines the unknown 
frequency by comparing it with a known frequency, indicated by a null 
reading on a sensitive VIVM. The accuracy of the meter was within 
01%, with a sensitivity of 0.5 millivolts, and a range from 100 - 
10,000 megacytles, 

In addition a Hewlett-Packard Model 150A oscilloscope was used ac 
across the tube for detection of lower frequencies, 

d. Vacuum System, The vacuum system used was patterned after the 
ultra-vacuum system described by Alpert [27]. Vacuums on the order of 
10710 mm of mercury are easily obtainable with this glass system, The 
principle features of this system are the Alpert ion gauge, and the use 
of metal valves in lieu of stopcocks. The use of metal valves removes 
one of the major limiting factors of high vacuum, The Alpert ion 
gauge, which minimizes the residual collector current due to soft 
X-rays, makes possible the measurement of ultra-vacuums, Also, the 
ion gauge was used as a pump below the minimum pressures of the oil 
diffusion pump. A schematic diagram of the vacuum system is shown in 
Rag. 15, 

Baking out of the system, which is always required for these 
ultra-vacuums, was accomplished by placing a portable electric oven 
over the entire system, except for the oil diffusion and fore-punps, 

In as much as plasma oscillations occur at gas pressures of 1072mm 
of mercury, it was necessary to find a gauge which was capable of accur- 
ate measurement of pressures in this range and which would not contribute 


any contamination to the system, Solution of this problem was first 
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attempted by using a Pirani gauge, which had been carefully calibrated 
and which had a flashing circuit for filament closniny;, so that the 
pressure indications wculd oc stabilized to the absoluto cali ration. 
Flashing was accorplished by introiucin; 10-17 volts AC across the 
filaments, which raised their temperature to approximatcly 900°C and 
removed any heat transfer contaminants, Although tris precedure 
increased the reliability of the pressure indications, it still did 
not produce readinss whicn were sufficiently; reproduci"l-. 

It was next decided thut the Alpert ion sauce risht he calibrated 
to extend into the nicron ranse, in as much as it utilizes an irriziun 
filement which is not damaged even when operaved at atmospheric pres- 
sures. This approach was not successful due tc non-linearities of the 
gauge in the micron range. 

It then became apparent that there was no commonly used pressure 
gauge for the micron range, with the one excertion of tan McLeod mer- 
cury gauge, which was ruled out due to mercur» contamination., Ona 
sugcestion of Dr. Cleson, a Lan. wir viscosit. pauze [22] was Com 
structed, a diapram of which is shown in Fis. l^. Altiimy:) tilis 
instrument is not new, it has solved a rather perplexuy, rroblem; 
therefore a few comments on its cperation will bs made. 

It will be noted from the diagram tnat the Bure is a simple 
Quartz fiber in a vertical suspensio . sy means cf a mamct, a lass 
arm with metal core is used to set the fiber in vibrstion. Lan auir 
found that in the ranze 1072 to 107? mn of mercurr, tio time ro uirod 
for the amplitude of the oscillstinz fiber to decrease by one-half was 


linearly related to the pressure of the surrounding gas. 
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This relationship is as follows: 
a 
P4 M cb 
where P = pressure 


molecular weight of gas 


M 
t = time for amplitude to decrease one-half 
a,b = constants 

The values of a and b must be determined by calibration with an abso- 
lute gauge such as the McLeod gauge. Results of such calibration are 
shown in Fig. 17. Measurements were made using argon, neon and helium, 
Due to the extremely sensitive nature of this instrument, variations 
in atmospheric water vapor content resulted in definite changes in 
pressure indications. Therefore data which was taken on air were not 
standardized, and are not reported herein. The dotted lines shown on 
the calibration graph are the expected values as predicted by the 
above equation. It will be noted that excellent agreement has been 
obtained for argon and neon, For helium, the results indicate the 
presence of a gas of larger molecular weight than that of heliun, 
This was the case, in as much as the vacuum system on which this data 
was taken was not cleaned of all residual gases, It should also be 
noted that the upper limit of linearity is approximately 30-70 microns, 
depending on the gas used, 

Photographs of the discharge tube and overall system are shown 
ín Figs. 18 and 19, 
6. Vacuum System Operation 

With the exception of the metal valves and ultimate vacuum, the 
system was operated along conventional lines. After repair of any large 
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leaks, the system was pumped down to 10 ~ millimeters of mercury 


za 





{ 





— Ka 
gi. 
-i > zu 

-— - 





S 
$i. 











GT 32 
at S> 
(MEA | 
|—— d | 
- nl lu A Pe but 
T dad i -— 
p" mer > ee D 
P 1 bo. ed tuted inp fej 
É TG E +4 4 
As = — 
a lan" 
|t e 
L ur 





! 








q —- 
t 


P 
i 





z- 


dA T qe 


IO X 10. 





š m 
rg | l T 
He > mee 
m. | 


(v) 
` 
SECTION 
TRADE YI MARK 


m a 44 


ie 7 + 
i 





1 

ae 
i 

— P 


r 


CROSS 








1 


1 


> hot 


nz T. + 


i 
"> 
E IE E S 
fe ' 
= M 


E 
A 
ee 























-— 
| 
f 
| i i RZ d 
i d i (ml ECH ? 
ie ; : i- —=p äng ek A m} 
I f i I ET i 
A E 
Ek - q den 3 E - ia d) a ze A path $ e n= po 
P ZE En ENE SE s ttn 
m L EEN LN ei. e a 1. 
let Bale d R: ie + LA E TT) 
Elek EC CL 
i i E i il S lL » E 





—X- 





equi rw3ueupredxg SI *2T4 





ds 


o 








Fig. 19 General Experimental Arrangement 
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pressure in six to twelve hours ( the range at which absorbed gases 
usually limit any further decrease in pressure, except after prolonged 
pumping or bakeout) . The bakeout oven was then lowered over the system 
and the temperature raised to 450° C for four to six hours, followed 

by slow cooling with the oven in place but turned off, About six to 
eight hours was required to cool to ro.m temperature. The ion gauge 
was then outgassed for one-half to three quarters of an hour, followed 
by system pump down to the diffusion pump ultimate, 5 x 1075 millimeters. 
At this time, the isolation valve was closed so that the ion gauge 
could complete pumping down to the ultimate vacuum, In about two to 
three hours, pressures of 5 x 107? millimeters were reached, and very 
little further decrease in pressure could be obtained, when the volume 
of the system was three to four liters. On previous oocasion$ , pres- 
sures of 5 x 10719 millimeters were obtained on the same system with a 
system volume of six tenths of a liter, 

Leaks were detected with a Tesla coil prior to diffusion pump 
operation, and with a sensitive bridge circuit and Pirani gauge for lower 
pressures and leaks in and around metal fittings, Both of these methods 
are commonly used and will not be discussed here} however, it should be 
noted that the Pirani gauge method was found to be capable of detect- 
ing leaks as small as 5 x 107? liters per second, 

Certain precautions are necessary for effective operation of the 
metal valves. During bake-out the driver mechanism is always removed 
and the valve held in an open positi.n with & bracket and screw, This 
prevents the sorew threads from becoming frozen in one position during 
bake-out, Caution must also be used when opening a valve, so that the b. 
diaphragm is not ruptured by Spending too far, If the valve is opened 


no more than one turn after the valve is free to turn by hand, the 
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possibility of over opening is prevented. Two valves were accidentally 
exposed to atmospheric air during bake-out when a break in the glass 
tubing occurred. The exposure axidized the valve interiors and rendered 
then useless due to their high internal conductance, even when they 
were scäted with twice the recommended torcue (20 ft-lbs.). Of the 
two valves described by Alpert [278 the differential drive t;pe proved 
far superior, because less torque is applied to the diaphragm, and 
meterinz of gas can be controlled to a finer degree. 

After the ultimate pressure of 5 x 107? millimeters of mercury 
was obtained, tne line to the spectroscopically pure argon bottle was 
closed and tne electrodes were degassel by use of an induction heater. 
"men the pressure rise due to degassinr was above the diffusion pump 
ultimate (107°) the isolution valve was opened for continuous pumping 
durin® the remaininz degassing procedure, Filaments were also operated \ 
at meximum rating (2500K) using 4.4 Saw neatinr, current for approxi- 
natat., tyo db. The s, stem vas then pumped dow: to ? x 107? milli- 
EOtero, ready for gas fillins. The spectroscopic ergon was metered 
into the s,stoni tnroush the liquid air trap until a pressure of two 
millimeters was obtained. This procedure was repeated again after 
purminr down sc as to ive a flushing action. The tube was then filled 
to a pressure of 107? millimoters, ready for gaseous discharge, operation., 

it is estimated that the above procedures resulted in a contamina- 
tion of less then cne p*rt in n so further sources of contamina- 
tion, such as stopcocks, were present, except for minute quantities 


from the electrodes. 





7. Results 

The work with the first cathode, employing five straight filaments 
in parallel, was not successful, Presence of the metal cylinder and 
screen wire surrounding the filament caused the electrons to be trapped 
inside, with the result that the emission current was too small to 
give measurable oscillations. Removal of the wire screen improved 
emission, but not enough. The large heating current necessary also 
contributed to the NY of the design, for in case of single 
filament failure, the other filaments were required to carry a heavy 
overload, It was concluded that operation under such extreme conditions, 
while desirable from the f'iandpotnt of reduoing the voltage gradient 
in the cathode, was not feasible, 

The work with the second cathode, which was of more conventional 
design, was successful, Effort was aimed at detecting plasma oscilla- 
tions in connection with plotting a plate voltage versus current curve, 
so that the oscillations could be located along the characteristic, as 
in the work of Armstrong and Emeleus, and Neill and Emeleus [10]. 

Tube parameters and conditions of operation applying to the figures 
are given below. 
Tube parameters: 

Plate to grid separation 18,76 millimeters 

Filament heating current 4 amperes 2000? K 

Grid voltage (NC ME negative filament ) -1.0 volts 

Probe voltage (w.r.t. plate) O volts 


Operating conditions: 


a. Figure 20 
Pressure 6.4 microns 
Temperature (Room ) 26.9°C 
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No probes in discharge 


b. Figure 21 
Pressure 3.1 microns 
Temperature (Room ) UA 
Ring probe to grid separation ( from 
grid to cathode side of ring probe) 0,22 millimeters 
c, Figure 22 
Pressure 6.4 microns 
Temperature (Room) 26.9?C 
Ring probe to grid separttion 2.01 millimeters 


d. Figure 23 


A. 
- 


Pressure 6.4 microns 
Temperature (Room) 26.9°C 
Ring probe to grid separation 4,03 millimeters 


The oscillations observed are shown in each figure, The lower fre- 
quencies, which were observed on an oscilloscope connected across the 
negative filament and plate leads, are shown on the left hand side of 
the characteristic curve, with peak to peak voltage shown in parenthesis 
after each frequency. High frequency oscillations, which are believed 
to be associated with plasma oscillations, are recorded on the right 
hand side of the characteristic curves, with relative intensities in 
parenthesis, The plasma oscillations were detected using the ring 
probe and frequency meter, A tunable stub in the probe circuit was 
used to differentiate between harmonics and find the approximate wave- 
length. By tuning the stub, the impedance to the high frequency signal, 
in the direction of the probe biasing circuit, was changed, decreasing 
the signal to the frequency meter at half wavelength points and inoreas- 


ing it at quarter wavelength points. [See figure 14] 
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Frequencies reported on these characteristic curves should not be 
interpreted to mean that oscillation did not occur at other points along 
the curve, It was early recognized that the probe wiring arrangement 
in the tube produced a large attenuation to high frequencies, making it 
possible to obtain no oscillation indication from the frequency meter 
when oscillations of low intensity might actually be present, 

A sample probe characteristic analysis was made under slightly 
different conditions than reported above, using the method of Langmuir 
and Mott-Smith [2]. By applying the electron density found in this 
analysis to the Langmuir-Tonks plasma frequency equation [7], a fre- 
quency of 580 megacycles per second was predicted, Thus the oscilla- 
tions reported in this thesis appear to be of the correct order of 
magnitude, 

When the corresponding positive ion density is applied to a simi- 
lar equation for positive ions, a frequency of two megacycles per second 
is obtained, indicating that the lower frequency oscillations reported 
herein can be associated with positive ion oscillations. 

The data above was taken with the two halves of the split ring 
probe connected together, When only one half of the ring was used for 
detection, grounding the other half through the probe biasing circuit, 
the intensities decreased by about one-half, 

In order to establish that high energy scattering was occurring, 
probe characteristic curves were recorded at points where high and low 
freuqency oscillations were occurring simultaneously, and also at 
points where no oscillations could be detected, Fig. 24, (a), (b) and 


(c) show the results of such measurements, 
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Fig. 24, (a) and (b) were both taken at the point marked (1) in 
Fig. 23 when plasma oscillations and positive ion oscillations were 
occurring simultaneously. - Fig. 24 (c) was recorded at point (2) in 
Fig. 23 where no oscilation could be detected. Fig. 24, (a) and (b) 
demonstrates the reproducibility of the characteristic when probe clean- 
ing is used immediately prior to taking data. All three characteristics 
indicate that there are present in the discharge electrons with energies 
approximately 4-5 volts greater than the cathode-plate potential, con- 
sidering the grid potential, which was -0,90 volts with respect to the 
negative filament lead. This indicates that high energy scattering, 
which has been associated with plasma oscillation, was occurring even 
though the high frequency detection equipment failed to detect any 
oscillations in case (c) above. 

Probe characteristics recorded without prior cleaning of the 
probe resulted in completely erratic results, showing that cleaning 
of the probe was necessary. The probe was cleaned of absorbed argon 
by applying & positive voltage to the probe sufficient to draw two to 
three milliamperes of current, which heated the probe to cherry red. 

Fig. 25, (a) and (b), shows typical waveforms of the lower fre- 
quency oscillations. In part (a), 1 and 2 are the beginning of a band 
of continuous frequency, and 3 (Upper and lower) are the end of that 
band. The extent of frequency pulling is seen to be 5,8 kilocycles. 

The pairs of traces in part (b) show individual frequencies en- 
countered as the applied voltage was increased. In these cases, each 


frequency is discrete and there is no appreciable frequency pulling, 
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Data for the traces is tabulated below 


Photo Part V Ve Anplitude: Freq. Scope Connection 
P volts, peak 
volts volts to peak 


a 1 49 -5 0, 64 20.5 ke Grid to fil, neg. 

a 2 49 22 40.0 20.5 ke Plate to fil.neg. 

a 3 47 -5 44.0 26.3 ke Plate to fil.neg. 
upper 

a 5 47 -5 0.9 26.3 kc Grid to fil.neg. 
lower 

b E 27 -5 0.4 145 ke Plate to fil.neg 
upper 

b 1 2 -5 0.03 145 ke Grid to fil.neg. 
lower l 

b 2 26 -2 R 98 ke Plate to fil.neg. 
upper 

b 2 26 -5 0,19 98 ke Grid to fil.neg. 
lower 

b 3 26 -5 ¿075 1.6 Mc Plate to fil.neg. 
upper 

b 3 26 -5 020 1.6 Mc Grid to fil.neg. 
lower 


8. Conclusions 

The primary objective of this work was to place in operation a 
discharge tube in which plasma oscillation could be observed. As evi- 
denced by the high frequencies detected (700-1300 megacylces per second) 
and the high energy scattering, it is believed that plasma oscillations 
were zenerated, 

Failure to detect more plasma oscillations on the characteristic 
curve is attributed to the hich attenuation characteristics of the 
probe lead wires. The presence of the metal cores for probe movements 
and the coiled probe leads necessary for probe movement undoubtedly 


were the chief offenders, 
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By comparison with data obtained by Emeleus, et al, [10] a sample 
of which is shown in Fig, 26, it can be concluded that the plasma 
oscillations observed in this work correspond to those found by Emeleus 
in the region marked D 

With two exceptions, plasma oscillations detected were observed 
simultanepusly with lower positive ion oscillations, Here is might be 
concluded that there is a relationship between the two. Certainly, if 
the two types of oscillations are occurring in the same plasma there 
must be a relationship, This idea is further strengthened by the fact 
that it was observed that the amplitude and, in some cases, the sta- 
bility of the low frequency oscillations were diminished when high 
frequency energy was removed through the frequency meter, and also when 
the tuning stub in the probe bias, circuit was set at a low impedance 
point, 

Allen [13] hypothesized a feedback mechanism from the detecting 
probe as a means of explaining the oscillation intensity peaks normally 
obtained as the pro:e is moved longitudinally along the discharge. 
Electromagnetic radiation from probe to cathode was the basis of the 
mechanism, He determined that the velocity of the oscillation through 
the discharge was approximately 2.1 x 10° centimeters per second, Using 
this figure and a frequency of 700 megacycles per second, the wavelength 
of the disturbance would be three milimeters, The width of the ring 
probe was measured accurately and found to be 2.78 millimeters. This 
means that the probe covered nine-tenths of the disturbance pattern, 
if a longitudinal electron density variation is assumed as the mode of 
the plasma oscillations, This undoubtedly was another contributing 


factor in high frequency attentuation, 
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The decrease in plasma oscillation intensity which was observed 
when only half of the dus ring probe was used is compatible with the 
travelling density varistion model of plasma oscillations as well as 
the model in which the plasma electrons are pulsating in a direction 
radial to the discharge axis. 

9. Recommendations for further work 

a. In view of the high frequency attemuation characteristics, 
probe lead wires in the existing tube should be shortened. 

b. The split ring probe should be replaced with a continuous wire 
loop, of small wire diameter but the same loop diameter (2.5 centi- 
meters). The support and Sg from the ring should be connected to 
the top or bottom of the ring. This will allow tilting of the ring 
tranverse to the discharge so that space-time phase relationship can be 
obtained similar to that of a travelling wave antenna. 

c. Conduct an investigation into the effect on oscillations of 
varying grid bias. (The grid was originally intended to be the origin 
of the oscillations, with a negative voltage applied. The data reported 
tend to indicate that oscillations are originating at the filament). 

d. Extend the range of investigation along the tube characteris- 
tic above saturation. 

€. Investigate further any possible connection between the low 
and hizh frequen:y oscillations. Observations using a photomal tiplier 
should enable one to determine if moving striations are present and whe- 


ther they ars associated with the low frequency oscillations. 
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